The promoter region of the glyceraldehyde-3-phosphate dehydrogenase gene (gpd) was used to drive expression of mnpl, the gene encoding Mn peroxidase isozyme 1, in primary metabolic cultures of Phanerochaete chrysosporium. A 1,100-bp fragment of the P. chrysosporium gpd promoter region was fused upstream of the mnpl gene to construct plasmid pAGMI, which contained the SchizophyUlum commune adeS gene as a selectable marker. pAGM1 was used to transform a P. chrysosporium adel auxotroph to prototrophy.
upstream of the mnpl gene to construct plasmid pAGMI, which contained the SchizophyUlum commune adeS gene as a selectable marker. pAGM1 was used to transform a P. chrysosporium adel auxotroph to prototrophy.
Ade+ transformants were screened for peroxidase activity on a solid medium containing high carbon and high nitrogen (2% glucose and 24 mM NH4 tartrate) and o-anisidine as the peroxidase substrate. Several transformants that expressed high peroxidase activities were purified and analyzed further in liquid cultures. Recombinant Mn peroxidase (rMnP) was expressed and secreted by transformant cultures on day 2 under primary metabolic growth conditions (high carbon and high nitrogen), whereas endogenous wild-type mnp genes were not expressed under these conditions. Expression of rMnP was not influenced by the level of Mn in the culture medium, as previously observed for the wild-type Mn peroxidase (wtMnP). The amount of active rMnP expressed and secreted in this system was comparable to the amount of enzyme expressed by the wild-type strain under ligninolytic conditions. rMnP was purified to homogeneity by using DEAE-Sepharose chromatography, Blue Agarose chromatography, and Mono Q column chromatography. The Mr and absorption spectrum of rMnP were essentially identical to the Mr and absorption spectrum of wtMnP, indicating that heme insertion, folding, and secretion were normal. The steady-state kinetic values for the oxidation of Mn(II) and 2,6-dimethoxyphenol by rMnP and wtMnP also were very similar. This system is suitable for generating site-directed mutants of Mn peroxidase.
The white rot basidiomycete Phanerochaete chrysosporium has been the focus of numerous studies on the degradation of lignin (7, 14, 24) and aromatic pollutants (6, 16, 23) . Two families of extracellular peroxidases, manganese peroxidase (MnP) and lignin peroxidase (LiP), along with an extracellular H202-generating system, are thought to be the major components of this organism's extracellular lignin-degrading system (13, 14, 24) . Significantly, both LiP and MnP depolymerize synthetic lignins in vitro (17, 45) . Furthermore, MnP has been detected in cultures of essentially all white rot fungi which efficiently degrade lignin (19, 32, 35) . MnP has been purified and extensively characterized (10, 13, 14, 26, 27, 33, 44) . This enzyme oxidizes Mn(II) to Mn(III). Mn(III), complexed with an organic acid chelator such as oxalate, which is secreted by P. chrysosporium, oxidizes the substrates either directly, in the case of lignin and phenolic lignin model compounds (43, 45) , or possibly through the mediation of organic radicals (31, 47) . MnP occurs as a series of isozymes that are encoded by a family of genes, and the sequences of cDNA and genomic clones that encode two MnP isozymes have been determined previously (12, 13, 29) . The results of these studies, as well as spectroscopic and kinetic studies (4, 26, 30) , showed that the heme environment of MnP is similar to that of other plant and fungal peroxidases (9) . The crystal structure of LiP has been described (36, 37) , and studies to determine the crystal structure of MnP are in progress (42) . mgold@admin.ogi.edu.
Efficient expression systems for recombinant MnP (rMnP) and LiP are required for structure-function studies performed with these enzymes. To our knowledge, successful expression of MnP or LiP in heterologous prokaryotic or eukaryotic microbial systems has not been achieved. Although heterologous expression of these proteins has been achieved in the baculovirus system (22, 34) , the baculovirus system has several disadvantages, including a relatively high cost compared with microbial systems, a relatively low yield of recombinant protein, and an apparent requirement for exogenous heme for optimal expression. In P. chrysosporium, the various isozymes of MnP and LiP are expressed only during the secondary metabolic (idiophasic) stage of growth, which is triggered by depletion of nutrient nitrogen (13, 24) . Previously, we demonstrated that mnp gene transcription is regulated by both nutrient nitrogen and Mn ion levels (5, 13, 38) . In this paper we describe the first homologous expression system for MnP, in which the coding region of the mnpl gene was placed under the control of the P. chrysosporium glyceraldehyde-3-phosphate dehydrogenase (gpd) primary metabolic promoter.
MATERIALS AND METHODS
Organisms. P. chrysosporium wild-type strain OGC101, auxotrophic strain OGC107-1 (Adel), and prototrophic transformants were maintained as described previously (1) . Escherichia coli XL1-Blue and DH5otF' were used for subcloning plasmids.
Cloning and sequencing the P. chrysosporium gpd gene. Plaque lifts from a P. chrysosporium XEMBL3 genomic library (12) (Fig. 1A) . The XbaI-NotI insert fragmeni tained the gpd promoter and linker, and a 3.6-ki fragment of the mnpl genomic clone (12) , includi mnpl coding region from nucleotide 39, were use three-way ligation with the pOGI18 shuttle vect4 the Schizophyllum commune adeS gene as a selec (11) to give pAGM1 (Fig. 1B) substrate o-anisidine (2 mM). The plates were incubated at Notl 37°C for 48 h and then were flooded at room temperature with Sacl 1 ml of a solution containing 2 mM MnSO4 and 0.5 U of glucose oxidase in 100 mM sodium malonate buffer (pH 4.5). Production of rMnPl. pAGM1 transformants were grown from conidial inocula at 38°C in 20-ml stationary cultures in 250-ml Erlenmeyer flasks for 2 days. The medium which we used was as described elsewhere (25) , except that it was mnp 1 supplemented with 2% glucose, 12 mM ammonium tartrate, and 20 mM DMS (pH 4.5) . The mycelial mat from one flask was homogenized for 20 s in a blender and was used to inoculate a 2-liter Erlenmeyer flask containing 1 liter of the medium described above, except that in the large cultures the Sac pH was adjusted to pH 6.5 and sodium succinate was used instead of DMS. Cultures were grown at 38°C on a rotary shaker at 200 rpm for 60 h. Purification of rMnPl. The filtrate obtained from six 1-liter cultures was concentrated to -200 ml and was dialyzed against 20 mM sodium acetate (pH 6.0) at 4°C by using a hollow fiber A) Junction of filter system (10,000-molecular-weight cutoff; Amicon). Although the levels of expression in individual transformants varied considerably, all but one of the pAGM1 transformants were positive for MnP activity under primary metabolic conditions, whereas the Adel auxotroph and three different Ade+ transformants obtained with pOGI18 were negative under these conditions. Three of the pAGM1 transformants that expressed the highest levels of rMnP activity in this initial screening assay were purified by isolating single basidiospores (2) and were analyzed further in liquid cultures.
The time courses for the appearance of MnP activity in nitrogen-sufficient stationary cultures of purified pAGM1 transformants, wild-type strain OGC101, the Adel auxotroph, and Ade+ pOGI18 transformants are shown in Fig. 2 The influences of several culture parameters on the expression of rMnP were examined. The effect of pH on rMnP expression was examined in high-nitrogen-containing stationary cultures with DMS as the buffer. As shown in Fig. 3 , an initial culture medium pH of 6.5 resulted in a twofold increase in the maximum MnP activity compared with the activity at an initial pH of 4.5. Increasing the pH to more than 6.5 likewise resulted in a decrease in the amount of rMnP expressed. The maximum level of rMnP activity observed with either phosphate or acetate buffer was approximately two-thirds of the maximum level of activity observed with DMS buffer. nitrogen had no apparent effect on rMnP production (data not shown).
Purification of rMnPl. rMnPl was purified by successive chromatography on DEAE-Sepharose, Cibachron Blue Agarose, and Mono Q columns. One major peak of rMnP activity eluted from both the DEAE-Sepharose (Fig. 4A) trated, and subjected to SDS-PAGE (Fig. 5) . We The absorption spectrum of purified rMnPl (Fig. 6 ) had a Soret maximum at 406 nm and visible bands at 502 and 632 nm. The shapes and intensities of these spectral bands were identical to the shapes and intensities of wtMnP isozyme 1 (wtMnPl) bands (Fig. 6) (10, 44) , suggesting that rMnPl and wtMnPl have similar heme environments. Like the wild-type enzyme, rMnP oxidized Mn(II) to Mn(III), and the oxidation of 2,6-DMP by rMnP was strictly dependent on both Mn(II) and H202 (Table 1) . Furthermore, the specific activity of purified rMnP was similar to the specific activity of wtMnPl when either Mn(II) or 2,6-DMP was the substrate (Table 1) .
Under steady-state conditions, linear Lineweaver-Burk plots were obtained for 1 161.1 N N a MnP activity was determined in 50 mM sodium malonate (pH 4.5) as described in the text. Mn(III) malonate formation was monitored at 270 nm as described in the text and previously (10, 46 ). 2,6-DMP oxidation was monitored at 469 nm for the formation of a quinone dimer (46) . b N, negligible. values calculated for the substrates Mn(II) and H202 were similar for wtMnPl and rMnPl (Table 2) .
DISCUSSION
MnP is a component of the lignin degradation systems of most, if not all, white rot fungi (19, 32, 35) , including P. chrysosporium, in which it is expressed during idiophasic growth (10, 11, 14, 38) . MnP is a unique peroxidase in that its primary substrate is Mn(II), which is oxidized to Mn(III), and MnP activity is stimulated by various organic acid chelators, especially oxalate, which is secreted by P. chrysosporium. A variety of spectroscopic and kinetic studies have been performed with MnP (4, 10, 26, 27, 30, 44, 46) . However, there are many questions about this unique enzyme which could be addressed by the use of site-directed mutagenesis coupled with kinetic and structural studies. These questions include the nature of the Mn binding site (21, 46) and the heme access channel for Mn and H202. While the crystal structure of LiP has been published previously (36, 37) and that of MnP isozyme 1 is currently under investigation (42) , heterologous expression of LiP and MnP has not been achieved in a microbial host. Although these enzymes have been expressed in the baculovirus system (22, 34) , this system is not well suited for cost-effective production of the large quantities of enzyme needed for structural analysis. Previously, we developed a DNA transformation system for P. chrysosporium which was based on complementation of auxotrophic mutants by heterologous or homologous biosynthetic genes (1, 3) . We recently utilized this system to study the expression of a reporter gene under the control of the mnp gene promoter (11) . In this paper we describe homologous expression of mnpl under the control of the gpd promoter. This system allows production of rMnP under primary metabolic conditions when the endogenous mnp genes are not expressed, facilitating purification of the recombinant protein.
The P. chrysosporium gpd gene was cloned from a XEMBL3 library of wild-type strain OGC101. The nucleotide sequence of this gene, which will be published elsewhere, is similar to the recently published gpd sequence of wild-type strain ME-446 (18) . The gpdA promoter from Aspergillus nidulans has been used for high-level constitutive expression of intracellular and extracellular homologous and heterologous proteins in that organism (40) . In this study we found that the P. chrysosporium gpd promoter region can direct transcription of the mnpl coding region in the presence of high carbon and nitrogen when the endogenous mnp genes are not expressed.
Almost all of the Ade+ transformants obtained with pAGM1 produced MnP under high-carbon, high-nitrogen conditions, as determined by o-anisidine screening and enzyme assays. None of the pOGI18 transformants nor the wild-type or Adel auxotrophic strains produced MnP under these conditions (Fig. 2) . This indicates that the pAGM1 transformants expressed MnP1 under control of the constitutive gpd promoter. The maximum level of MnP activity was observed in pH 6.5 cultures (Fig. 3) , whereas the level of endogenous MnP activity was maximal in pH 4.5 cultures. Furthermore, we have shown that expression of endogenous MnP protein in P. chrysosporium requires the presence of Mn ions (5, 11, 13) , and the results of mnpl promoter reporter studies have shown that the Mn requirement resides in the mnpl promoter region (11) . However, pAGM1 transformants produce MnP in the absence of Mn (data not shown). Finally, using PAGM1, we recently constructed mutant mnp genes by site-directed mutagenesis. When P. chrysosporium is transformed with plasmids containing the mutant genes, only mutant proteins are expressed; no wild-type proteins are observed (27a). All of these results indicate that the rMnPl in pAGM1 transformants is produced under the control of the constitutive gpd promoter. The data also indicate that any additional requirements for production of active MnP, including the insertion of heme and protein secretion, must be available during primary as well as secondary metabolism and that any cis-acting factors that restrict transcription of endogenous mnp genes to secondary metabolism must reside in the mnp promoter regions.
Although most Ade+ transformants obtained with pAGM1 gave some level of positive reaction in the o-anisidine screening test, indicating that rMnP was expressed, individual transformants varied considerably. Our previous results have indicated that integration of transforming DNA in P. chrysosporium is predominately ectopic, with single or multiple plasmid copies integrating at various chromosomal locations (1, 3, 13 (Fig. 4A) . FPLC with a Mono Q column resulted in separation of several protein peaks (Fig. 4B ). These multiple peaks may have arisen because of alternative posttranscriptional modification, such as glycosylation. The major Mono Q column protein peak was examined further. The results of an SDS-PAGE analysis suggested that rMnPl has an Mr of 46,000, a value which is nearly identical to the Mr of wtMnPl (Fig. 5) . wtMnPl and rMnPl also had identical UV-visible spectral features (Fig. 6) , suggesting that the environment and orientation of the heme in the two enzymes are similar. Significantly, heme insertion appears to be normal, and exogenous heme is not required for expression of this recombinant heme protein. This contrasts with the baculovirus system, in which exogenous heme is apparently required for MnP expression (34 chrysosporium gpd promoter is more efficient than the combined multiple mnp promoters present in strain Adel. Alternatively, the higher rMnP yield may reflect increased metabolic activity during primary metabolism compared with idiophasic metabolism. Most importantly, this expression system enables efficient purification of a single rMnP isozyme.
To our knowledge, this is the first report of efficient protein expression in P. chrysosporium. Whereas we previously demonstrated the ability of a secondary metabolic promoter (mnpl) to direct expression of a primary metabolic gene (ural) (11) , in this study we demonstrate that a secondary metabolic gene can be expressed under the control of a primary metabolic promoter. The expression system described above will enable us to generate site-directed MnP mutants for structurefunction studies. Similar studies on the homologous expression of recombinant LiP are planned.
